Luminescent semiconductor nanocrystals (NCs), so-called "quantum dots" (QDs), have attracted increasing interest for bioanalytical labeling applications in recent years.
Introduction
Luminescent semiconductor nanocrystals (NCs), so-called "quantum dots" (QDs), have attracted increasing interest for bioanalytical labeling applications in recent years. 1 NCs can be prepared with adequate homogeneity in both size and shape to allow emission with narrow bandwidths. 2, 3 In addition, when their inorganic core is over-coated with a thin layer of a wider band-gap semiconducting material, a substantial enhancement in the NC photoluminescence quantum yield occurs. [4] [5] [6] For instance, CdSe NCs have a low fluorescent quantum yield, because the optically excited carriers (a positive and negative charge) get trapped at the poorly passivated surface of the nanocrystal. However, when the core is wrapped in a shell of several monolayers of zinc sulfide (ZnS), the core/shell crystals could have a fluorescent quantum yield of 50%. 4 The extinction coefficient of the nanocrystals is several-times larger than that of an organic dye molecule, making the nanocrytals incredibly bright. Finally, the use of appropriate surface-capping ligands permits their dispersion in a variety of solvents, including water, which provides a surface suitable for bioconjugation. 3, 7, 8 Recently, much research on applying NCs to biolabeling and analysis has been reported. However, most of them have focused on detecting proteins. [9] [10] [11] [12] [13] [14] For detecting nucleic acid, many studies have been inclined to use electrochemical methods. [15] [16] [17] [18] [19] Wang et al. 20 described an electrochemical method for the detection of DNA based on carbon-nanotubes carrying a large number of CdS particle tracers. Cai et al. 21 used gold-nanoparticle-modified electrodes to enhance the amount of immobilized probe DNA. Hybridization was induced by the exposure of an ssDNA-containing gold electrode to ferrocenecarboxyaldehyde-labeled complementary DNA in solution. A few references about detecting nucleic acid with other methods have been reported. 22 Hansen et al. 23 applied CdS, ZnS, and PbS nanoparticles conjugated with short DNA sequences, which were immobilized via hybridization with complementary sequences on a gold surface. When a DNA target was added, it could be identified by ousting the existing hybridization between one of the DNA-nanoparticle conjugates and the surface DNA. Thus target DNA could be detected by an electrochemical DNA sensor. Algar et al. 24 detected nucleic acid based on fluorescence resonance energy transfer (FRET) between CdSe/ZnS QDs and a fluorophore. Although these methods are good for detecting DNA, they are too complicated, the probes are unstable, and some of the methods can not be used in quantitative detection.
In the present work, highly luminescent CdSe/CdS nanocrystal conjugates were prepared. These water-soluble nanocrystals (coated with mercaptoethylamine) have a homogeneous positive charge density, which allows ultrasensitive quantitative detection of negatively charged DNA. Based on an electrostatic interaction between DNA and functionalized NCs, a novel highly sensitive fluorometric detection for DNA has been developed. At pH 6.81 and λex = 365 nm, the fluorescence intensity can be enhanced by DNA, and the extent of the fluorescence intensity enhancement is proportional to the concentration of DNA. This method is simple, rapid and specific. spectrophotometer (Techcomp, Shanghai, China). Fluorescence measurements were performed by using an F-2500 spectrofluorometer (Hitachi, Japan). The fluorescence spectra were recorded at λex = 365 nm. pH values were measured with a Model PHS-3C pH meter (Leici Analytical Instrument Factory, Shanghai, China). A high-resolution transmission electron micrograph (HRTEM) was obtained on a Hitachi HR 2000 microscope operating at a 200 kV accelerating voltage. Clusters of closely spaced particles were obtained by sample spreading, and dried on 5 mm thick carbon-coated copper grids at room temperature, with any excess solution being wiped away.
Reagents
All chemicals used were of analytical grade or of the highest purity available. All solutions were prepared with doubledistilled water.
Mercaptoethylamine was purchased from Sigma-Aldrich (USA).
DNA, Se powder, NaBH4, NaOH, Na2S·9H2O, Na2HPO4, NaCl, and CdCl2·2.5H2O were acquired from Shanghai Reagent Company (China) and used as received. A Britton-Robinson (B-R) buffer solution was prepared by mixing a 0.04 mol L -1 H3PO4, 0.40 mol L -1 CH3COOH, 0.04 mol L -1 H3BO3 and 0.20 mol L -1 NaOH solution to the required pH value. A Na2HPO4-NaCl-KH2PO4 (PBS) buffer solution was prepared by mixing a 0.07 mol L -1 Na2HPO4, 0.07 mol L -1 KH2PO4 and 0.05 mol L -1 NaCl solution to the required pH value. A KH2PO4-Na2B4O7 buffer solution was prepared by mixing a 66.8 mmol L -1 KH2PO4 and 13.3 mmol L -1 Na2HPO4 solution to the required pH value.
Synthesis of CdSe NCs
CdSe/CdS NCs were prepared, following a method reported in previous literature. [25] [26] [27] [28] Mercaptoethylamine was used as a capping agent to synthesize CdSe NCs, because its hydrosulfide group (HS-) can directly interact with the cadmium ions, and its amino-group (NH3 + ) can act on biomolecules, like DNA. After 0.0182 g of CdCl2·2.5H2O was dissolved in 60 mL of water and 0.0260 g of mercaptoethylamine was added under stirring, the mixture was adjusted to pH 5 by the dropwise addition of a 0.5 mol L -1 solution of HCl. The solution was placed in a threenecked flask fitted with a septum and valves, and deaerated by N2 bubbling for about 30 min. Under stirring, 50 μl of a freshly prepared oxygen-free NaHSe solution (0.50 mol L -1 ) was quickly added to the solution. NaHSe was generated by a reaction of Se powder with NaBH4. The molar ratio of Cd 2+ :HSe -:mercaptoethylamine was 1:0.5:2.4. The resulting mixture was refluxed at 50˚C for 30 min, and adopted in this assay to promote the growth of CdSe NCs.
Synthesis of CdSe/CdS NCs
After 0.0320 g of CdCl2·2.5H2O was dissolved in 230 mL of water and 0.0620 g of mercaptoethylamine was added under stirring, the mixture was adjusted to pH 5 by the dropwise addition of a 0.5 mol L -1 solution of HCl. The solution was placed in a three-necked flask fitted with a septum and valves, and deaerated by N2 bubbling for about 30 min. Under stirring, the solution was added into the core CdSe solutions mentioned above. Then, 32 mL of a 0.0025 mol L -1 of Na2S solution was added to the solution dropwise. It could last for 2 h. The resulting mixture, refluxed at 50˚C for 30 min, was adopted in this assay to promote the growth of NCs.
The final concentration of CdSe/CdS NCs was ca. 1.6 × 10 -4 mol L -1 , according to the Se 2-concentration.
Determination of DNA with CdSe/CdS NCs After 1.5 mL of the 1.6 × 10 -4 mol L -1 NCs solution mentioned above, 0.5 mL of a PBS buffer (pH 6.81) and different amounts of DNA were successively placed into a 10-mL calibrated test tube, the mixture was diluted to the mark with water and mixed thoroughly. The fluorescence intensity of the solution was recorded at 530 nm with the excitation wavelength set at 365 nm. The slit widths of both the excitation and the emission are 5.0 nm.
Results and Discussion

TEM micrograph of NCs
The particle size and the degree of dispersion were determined by HRTEM. Figure 1 shows TEM images of the CdSe/CdS NCs. From Fig. 1 , it is observed that the NCs are almost monodispersed, indicateing an average particle diameter of ca. 8.0 nm. The obtained histogram of cluster size is shown in Fig. 2 , also indicating a size of ca. 8.0 nm of the nanocrystals. Figure 3 shows the UV-Vis absorption spectra of the CdSe and CdSe/CdS NCs, with peaks centered around 360 and 422 nm. Due to quantum size effects, the red shift of the absorption excitation peak indicates an increase of in the particle size. 25 It also means that the CdS NCs have capped outside of CdSe. 29 The emission spectra of the CdSe and CdSe/CdS NCs are shown in Fig. 4 . The fluorescence intensity of CdSe/CdS is much higher than that of CdSe. Also, their fluorescence emission peaks are red shifted from 523 to 531 nm. This proves that capping low-bandgap core nanocrystals with higher bandgap shells could lead to nanocrystals with improved luminescence, and higher stability.
Spectrum characterizations of NCs
4,30
The emission and excitation spectra of CdSe/CdS NCs are shown in Fig. 4 . As can be seen, the excitation spectrum is broad, while the emission spectrum is narrow and symmetric, which provides a possibility to develop multiplexed detection schemes, allowing excitation of multiple fluorophores with a single light source. It is thus advisable to use NCs in bio-detection. Figure 5 shows the effects of DNA on the fluorescence intensity of CdSe/CdS NCs. The intrinsic spectral peak wavelength of NCs-DNA was unchanged compared with that of free NCs. However, the fluorescence intensity was enhanced with increasing concentration of DNA. According to the surrounding, condition and molecular structure, there are three major interaction patterns between NCs and DNA, which are an embedding interaction, channel adsorption and an electrostatic interaction. Since the fluorescence peak did not shift to the long-wave side while adding DNA (Fig. 5) , the enhancing phenomenon may be attributed to an electrostatic interaction between NCs and DNA, where the positively charged CdSe/CdS NCs are obtained by capping mercaptoethylamine with an amino-group (-NH3 + ). Also, the phosphate groups on the DNA would disintegrate when the pH is higher than 4.0. 31 Thus, DNA molecules are negatively charged, and NCbioconjugate formation is achieved via an electrostatic interaction. We also conducted some experiments for a further confirmation. Figure 6 shows the results of NCs acting on proteins and DNA. Because the proteins are positively charged, their interaction intensity with NCs is much lower than that of DNA's.
Effects of DNA concentration
Effects of the pH and buffer
The influence of the B-R buffer, KH2PO4-Na2B4O7, and the PBS buffer on the fluorescence intensity was investigated. It was found that the optimum range of the pH was 6.60 -7.10 for the PBS buffer. If the pH value was out of the range, the relative fluorescence intensity would be significantly lower. The reason may be as follows: in an acid medium, the fluorescence decreases as a result of a decomposition of the annulus of the Cd 2+ , mercaptoethylamine complexes. 25 When the pH is too high, DNA may lose its activity. In this experiment, 0.5 mL of PBS buffer with pH 6.81 was chosen to run the assay. 
Effects of the temperature, reaction time and mixing sequence
The fluorescence intensity of the system dropped upon increasing the temperature, and the system began to aggregate when the temperature reached 50˚C. However, increasing the temperature would speed up the reaction between functionalized CdSe/CdS NCs and DNA. Thus 25˚C was adopted in this work. The fluorescence intensity of the system could reach its maximum in 25 min, and remain stable for 2 h. After investigating several mixing sequences for the solutions, because it was found that there was little influence on the fluorescence intensity, NCs and the buffer were mixed first, and then DNA.
Effects of the concentration of NCs
The NCs concentration also had effect on the fluorescence intensity. If the concentration is too low, the limited NCs molecules can not occupy all of the non-specific binding sites of DNA coexisting in the system. When the concentration of the fluorescence materials is too high, the fluorescence intensity may decrease because of a self-quenching effect. 32, 33 Considering these factors, 1.5 mL of NCs at a concentration of 1.6 × 10 -4 mol L -1 was applied.
Influence of coexisting substances
The influence of coexisting substances, such as glucose, bovine serum albumin (BSA) and metal ions, was tested under the chosen condition.
For this study, the criterion for interference was fixed at ±10% variation of the average fluorescence intensity, calculated for an established level of the sample. From the results given in Table 1 , we can see that the interference of sodium citrate, lysozyme, BSA, and sulfosalicylic acid was very weak. Of the tested metal ions, Mg 2+ , Ca 2+ , Fe 3+ , and Zn 2+ were allowed at relatively higher concentrations, but Hg 2+ and Ag + were allowed only at a relatively low concentration. However, their amount is still larger than that in an organism, which demonstrates that this method has high selectivity.
Linearity, sensitivity, and precision
Under the optimal condition mentioned above, there are good linear relationships between the relative fluorescence intensity (ΔF) and the concentration of DNA in the range of 0 -10 and 10 -100 μg mL -1 . The ΔF is defined by the equation ΔF = F0 -F, where F0 is the fluorescence intensity of the system without adding DNA. F is the fluorescence intensity of the system with different concentrations of DNA. The linear fit of the data is shown in Fig. 7 . Also, the relevant parameters, including the correlation coefficient (r), linear-regression equation, detection limit (3S0/K) and the relative standard deviation (RSD), are given in Table 2 . S0 is the standard deviation of blank measurements (n = 10), and K is the slope of the calibration line.
The reason why there are two linear regions in Fig. 7 might be that the microenvironment, including the properties and concentration of the solvent, has a great influence on the fluorescence intensity of the luminescent system. The environment around CdSe/CdS changed a lot upon the addition of DNA at first, resulting in a large enhancement of the fluorescence intensity of the system. However, when the concentration of DNA increased to a certain value, the environment changed a little, and the fluorescence intensity was slowly enhanced. 34 Thus, there is a turning point in the fitted line.
Analytical applications
To test the applicability of the proposed spectro-fluorometric method, the NCs fluorescence probe was used to determine DNA extracted from pig liver. The method for extracting DNA from pig liver followed previous literature. [35] [36] [37] The determination of the extracted DNA was described in the section Determination of DNA with CdSe/CdS NCs. The recovery (R) is defined by equation R = [(CT -C1)/C2]× 100%, where C1 is the amount of extracted DNA from pig liver, and C2 is the amount of standard solution of DNA. CT is obtained from the linear-regression equation. The results are given in Table 3 . It can be seen that the recovery was between 96 and 107%, which meets the requirement of microanalysis. The RSD is lower than 5%, showing a good precision of this method. ; pH 6.81). The error bars are a 5% standard deviation of the data.
Conclusions
A novel kind of nanocrystals as a sensitive and photostable fluorescence probe in biological assays was developed. The advantage of this method is an outstanding high selectivity for DNA. The synthesis of these NCs is easily carried out at low cost. They can be used as direct sensors in real samples for their optical features of tunablity. The approach for assaying DNA proposed in this article can be a general one, not restricted to any particular type of biomolecule, as selected in this study. Additionally, the reliable protocols developed in this study for preparing and functionalizing CdSe/CdS NCs can be readily extended to other nanocrystals, which can also provide a specific platform for the covalent attachment of biomolecules, such as amino-rich proteins, enzymes, or amino-terminated oligonucleotides for diverse bioapplications. The nanocrystals would attract more attention and be widely applied in biological assays, immunoassay and clinical diagnostics. [38] [39] [40] [41] 
